Males and females pursue different reproductive strategies, which often bring them into conflictmany traits exist that benefit one sex at a cost to another [1] . Decreased female survival following mating dramatically demonstrates one aspect of this phenomenon [2] [3] [4] [5] . Particularly intriguing is the evidence that secreted compounds can shorten lifespan of members of the opposite sex in Drosophila [6] and Caenorhabditid nematodes [7] even without copulation taking place. The purpose of such signals is not clear, however. While it is possible that they could limit subsequent mating with competitors or hasten post-reproductive demise, thus decreasing competition for resources, they are also likely to harm unmated individuals. Why would a system exist that reduces the vigor of potential mates prior to mating? Addressing this question could provide insights into mechanisms and evolution of sexual conflict and reveal sensory inputs that regulate aging. Here, we describe two distinct ways in which Caenorhabditis elegans males cause faster somatic aging of hermaphrodites but also manipulate different aspects of their reproductive physiology. The first, mediated by conserved ascaroside pheromones, delays the loss of germline progenitor cells. The second accelerates development, resulting in faster sexual maturation. These signals promote male reproductive strategy and the effects harmful to hermaphrodites appear to be collateral damage rather than the goal.
RESULTS AND DISCUSSION

Male-Specific Ascaroside Pheromones Contribute to Delayed Reproductive Senescence
To explore the effects of male signals, we examined Caenorhabditis elegans hermaphrodites growing on male-scented plates. Males dwelt on these plates for 24 hr, but were removed prior to the start of experiments ( Figure 1A ). In agreement with a published report [7] , hermaphrodites exposed to male secretions die younger and accumulate somatic defects indicative of faster aging, even though no live males were present ( Figure S1 ). To assess the reproductive function of aging hermaphrodites, we mated them to males after the supply of self-sperm had been exhausted. Unexpectedly, we found that, although the numbers of cross progeny were variable, animals that were aged on malescented plates on average produced more offspring upon mating ( Figures 1B and S1 ). We concluded that although hermaphrodites exposed to male scent aged faster, their reproductive ability declined slower.
As other organ systems, the germline deteriorates with age eventually rendering animals sterile [9, 10] . One hallmark of this reproductive senescence is progressive loss of germline precursor cells (GPCs) [10, 11] . These germline progenitors are located in the distal portion of the gonad and contain stem cells and their mitotic progeny that have not yet entered meiosis [12] . This cell population dynamically responds to several environmental stimuli [13] . We therefore compared the number of GPCs in hermaphrodites that were aged on male-scented versus control plates and found that the former had significantly more nuclei in this compartment of the gonad ( Figures 1C, 1D , and S1D). Because the number of GPCs was highly reproducible between trials and their loss during aging is correlated with reproductive senescence [10, 11] , we focused our experiments on this cell population.
The natural candidates to mediate male-to-hermaphrodite signaling are ascarosides, a family of glycolipid molecules, many of which serve as pheromones [14] . Consistent with this idea, hermaphrodites aging on plates that previously housed daf-22 males, which are defective in the production of shortchain ascarosides [15, 16] , produced as many cross progeny upon mating (E.Z.A., unpublished data) and had as many GPCs as hermaphrodites on unscented plates ( Figure 1E ). No pheromones unique to either sex have been described in C. elegans, but males and hermaphrodites produce two molecules, ascr#3 and ascr#10, in sex-specific ratios [17] , which have different physiological effects [17, 18] . Hermaphrodites that were aged in the presence of male-specific (ascr#10/ ascr#3, 7.2 fmol/1.9 fmol), but not hermaphrodite-specific (ascr#3/ascr#10, 6 fmol/1.7 fmol) physiological concentrations of these two molecules, the amounts equivalent to those secreted by single animals over 24 hr [17] , had significantly more GPCs ( Figure 1F ). We tested whether hermaphrodites that were aged on ascaroside blends produced larger numbers of cross progeny upon mating compared to animals aged on control plates, but observed no discernable difference (E.Z.A., unpublished data). This suggests that while a blend of ascr#10 and ascr#3 can slow down the loss of GPCs, it may not be sufficient to delay reproductive senescence, particularly in an assay that relies on mating. The relationship between slower loss of GPCs and delayed reproductive senescence is not currently clear. It is clear, however, that male ascarosides could affect the female germline in several ways including mitotic precursors and producing attractive signals for sperm guidance [18] . Finally, the slower loss of GPCs seen on plates with the male-specific cocktail of ascr#10 and ascr#3 was not simply due to increased retention of gametes, because these ascarosides did not alter the rate or duration of egg-laying ( Figure S1 ). (F) Hermaphrodites aging on male-specific, but not hermaphrodite-specific, physiological concentrations of ascr#10 and ascr#3 had significantly more GPCs (p = 1.8 3 10
(G) Lifespans of fertile mes-1(bn7) hermaphrodites on control plates or plates supplemented with ascr#10 and ascr#3 in male-specific concentrations. Control: n = 100 (27 censored), mean adult lifespan = 18.8 days; ascaroside-containing plates: n = 100 (34 censored), mean adult lifespan = 17.3 days (log rank p = 0.014, log rank test).
(H) Lifespans of sterile mes-1(bn7) hermaphrodites on control plates or plates supplemented with ascr#10 and ascr#3 in male-specific concentrations. Control: n = 100 (11 censored), mean adult lifespan = 20.5 days; ascaroside-containing plates: n = 100 (7 censored), mean adult lifespan = 19.1 days (log rank p = 4.7 3 10 À3 , log rank test).
*p < 0.05, ***p < 0.001. Error bars represent ± SEM. See also Table S1 for raw experimental data and Figure S1 .
Male-Specific Ascaroside Pheromones Promote Faster Somatic Aging
The finding that male ascaroside pheromones increase the number of GPCs in aging hermaphrodites is intriguing. Complete male scent promotes somatic aging [7] and ascarosides are a prominent class of secreted molecules. Importantly, germline signals [19, 20] , in particular those from germline stem cells [21] , are known to promote aging. It is therefore possible that the slower loss of germline precursor cells in hermaphrodites exposed to male ascarosides may be directly causing faster somatic demise seen in the presence of male-secreted factors.
To test this idea, we examined the lifespan of mes-1(bn7) hermaphrodites, approximately half of which lack the germline. Sterile animals of this strain are long-lived [21] . We exposed the tested animals to low, physiologically relevant amounts of ascarosides (ascr#10/ascr#3, 7.2 fmol/1.9 fmol) corresponding to those secreted by a single male. Although these are not the only ascarosides secreted by males [17] , and whereas males produce a non-ascaroside signal that reduces lifespan (see below), we observed faster aging of fertile hermaphrodites on ascaroside-supplemented plates ( Figure 1G ). Importantly, we found that the lifespan of sterile mes-1 hermaphrodites was also shorter on ascaroside-scented plates ( Figure 1H ).
Larval germline stem cells signal [21] to shorten lifespan (Figure S1 ). Because a male-specific mixture of ascr#10 and ascr#3 can shorten lifespan independently of germline precursors, our results imply the existence of additional mechanisms that hasten hermaphrodite somatic aging in response to ascarosides. The role of these molecules in lifespan regulation is most likely complex. Previous work demonstrated that ascr#3 alone, although at considerably higher concentration (>40 pM), extended lifespan [22] , suggesting an antagonistic relationship between ascr#10 and ascr#3 and possibly other components of the complete male scent.
Male Signal Causes Developmental Acceleration
In the course of these experiments, we noticed that hermaphrodites developed more rapidly on male-scented plates. Young L1 larvae, both singled ( Figure 2A ) and in small populations (Figure S2) , raised on male-but not hermaphrodite-scented plates, reached adulthood several hours faster than animals on control (E) Fractions of GFP-positive mlt-10::GFP animals do not differ between male-scented and control plates until the L4, demonstrating that developmental acceleration occurs specifically at this larval stage (n z 90). Boundaries between larval stages were judged based on levels of GFP expression. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent ± SEM. See also Table S1 for raw experimental data and Figure S2. plates (regardless of the method of synchronization; Figure S2) . Surprisingly, however, two lines of evidence indicate that the signal promoting this developmental acceleration is distinct from the one that increases the number of GPCs in aging hermaphrodites. First, development on plates scented by daf-22 males, which do not produce short-chain ascarosides [15, 16] , was as fast as on plates scented by wildtype males ( Figure 2B ). Second, a male-specific cocktail of ascr#10 and ascr#3 failed to accelerate development, even when applied at much higher concentrations than those that increased the number of GPCs ( Figure S2 ). We concluded that males can manipulate hermaphrodite physiology via two distinct signaling systems-one that relies on ascr#10 and ascr#3 to slow down the loss of germline precursors and another that hastens the rate of development. Both signals also contribute to faster somatic aging of hermaphrodites. This view is consistent with the observation that daf-22 males, which do not secrete short-chain ascarosides, promote faster hermaphrodite aging, although not to the same extent as wild-type males [7] .
In search of a mechanism that mediates faster maturation of hermaphrodites, we considered steroid hormones that are known to regulate metabolism and promote reproductive development in a variety of species [23, 24] . Hermaphrodites carrying mutations in daf-9 and hsd-1, two enzymes involved in steroid hormone synthesis [25] , developed only marginally faster on male-scented plates ( Figures 2C and 2D) . However, hermaphrodites deficient for another steroidogenic enzyme, DAF-36 [25] , accelerated as much as the wild-type animals ( Figure S2 ), possibly revealing distinct roles of different steroid derivatives in controlling developmental rate. The nuclear hormone receptor DAF-12 is one likely output of steroid signaling [26] , but because loss of acceleration was less severe in daf-12 than in daf-9 and hsd-1 mutants (Figure S2 ), other outputs may exist as well. C. elegans most likely produce complex mixtures of steroids, the biosynthesis and functions of which are still being explored [25] , and the complement of male steroids is yet to be described. While these results argue that steroid hormones play a role in executing developmental acceleration, the nature of the signal produced by males remains to be elucidated.
To determine whether the observed acceleration was uniformly distributed across all larval stages or restricted to a particular stage, we examined the temporal profile of expression of a mlt-10::GFP transgene. The mlt-10 gene is dynamically expressed during larval stages, reaching the highest levels several hours prior to molts [27] . We found that the temporal profiles of mlt-10::GFP expression were remarkably similar between animals reared on male-scented and control plates until after the Table S1 for raw experimental data.
L3/L4 molt ( Figure 2E ). However, animals on male-scented plates initiated and completed the L4/adult molt earlier, suggesting that the effect of this male signal was focused on hastening sexual maturation of hermaphrodites.
Male Signals Are Conserved
In the wild, C. elegans has been found to share habitats with other nematodes of the same genus, in particular C. briggsae [28] and C. remanei [29] . To test whether the two male signals we identified could play a role in interspecific communication, we tested whether they were conserved in other nematodes of the genus Caenorhabditis ( Figure 3A) . We found that substances secreted by males of all tested species were as potent in delaying the decrease in the number of GPCs in aging C. elegans hermaphrodites as the scent of conspecific males ( Figure 3B ), suggesting broad conservation of ascaroside functions [18, 30] . Thus, while ascarosides act like pheromones in some respects, their extensive conservation contravenes the classical view of pheromones as chemical factors that mediate strictly intraspecific communication [31] . Whereas C. elegans hermaphrodites developed faster on plates conditioned by males of several species, the effects on plates scented by C. remanei and C. angaria were less potent and more variable ( Figure 3C ). Therefore, both signals could convey information between members of different species, although the specifics most likely depend on ecological conditions in natural habitats.
Ascarosides Communicate Reproductive Status
To serve as effective means of communication, male-tohermaphrodite signals should faithfully reflect the reproductive status of sender males. We therefore tested whether males with severely compromised reproductive function could signal to hermaphrodites. Prolonged heat stress reduces male fertility drastically and irrecoverably [32] . The scent of males treated in this way no longer altered the number of GPCs in aging hermaphrodites Table S1 for raw experimental data and Figure S3 .
( Figure 4A ) but still accelerated development ( Figure 4B ). This demonstrates that heat stress disables ascaroside-dependent signaling and further underscores that signals that mediate control of GPC number in aging hermaphrodites and the rate of larval development are indeed separable. Males carrying a gon-2 mutation are sterile because development of their somatic gonad, and consequently the germline, is severely impaired [33] . Similarly to heat-stressed males, the scent of gon-2 males did not slow down the loss of GPCs in hermaphrodites, whereas it still sped up larval development ( Figures 4A, 4C , and S3). Thus, while control of developmental rate appears to be a constitutive property of male-to-hermaphrodite communication, ascaroside signaling that delays the loss of germline progenitors depends on the status of the male reproductive system.
Conclusions
Our results reveal at least two different ways in which C. elegans males manipulate reproductive biology of their mates. The first, mediated by ascaroside pheromones, acts to delay the loss of germline cells in aging hermaphrodites and, consequently, forestalls reproductive senescence. This role complements other reproduction-related functions of male pheromones in attracting and holding mates [17, 34] as well as stimulating their reproductive system [18] . The second male signal, the nature of which is not currently known, speeds up hermaphrodite development by specifically shortening the last larval stage preceding adulthood, a period that may be functionally equivalent to puberty. The ability of males to stimulate faster sexual maturation in females has been documented in mammals [35] and thus may be common in animals, although the mechanisms remain to be understood. Combinatorial encoding of social information that relies on different types of messengers to influence different aspects of organismal physiology is found in animals [36, 37] and bacteria [38] and may serve to reliably convey complex messages in variable environments.
Discovering how and why males and females exchange signals that can harm recipients is important for understanding animal communication. We demonstrated that C. elegans males use ascarosides and an unknown signal to delay reproductive senescence and promote sexual maturation of potential mates. Collectively, these signals advance the male reproductive strategy. The negative effects that shorten hermaphrodite lifespan most likely represent ''collateral harm'' [1] , because they are not the goal, but rather inadvertent consequences of an effort to manipulate physiology. Moreover, although the consequences of male signals appear to be harmful to hermaphrodites, it is not certain that they are detrimental to fitness, particularly under natural conditions. What is clear is that the male-produced signals alter hermaphrodite/female physiology in favor of the germline at the expense of the soma. How this shift impacts reproductive success of hermaphrodites in complex native environments remains to be investigated. Our findings underscore the elaborate nature of social communication even in a superficially simple animal and suggest that other signaling modalities influencing important physiological processes remain to be discovered in C. elegans and other species. 
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